Radiated power measurements taken during the thermal quench of a density limit disruption in the DIII-D tokamak ͓J. L. Luxon, Nucl. Fusion 42, 614 ͑2002͔͒ demonstrate that ten times more power is radiated from the main chamber than is deposited into the divertor floor. This contrasts with the standard picture of the thermal quench of disruptions, where energy is lost along open field lines into the divertor. The observed radiation appears to result from a sudden increase in deuterium outgassing and carbon impurity release from the main chamber walls. The impurities and the associated cold front are observed to mix into the plasma core at a rate about 100 times larger than standard ͑H-mode͒ particle diffusion rates. Comparison with other types of disruptions in DIII-D suggests that plasma-main wall interactions may play an important role in the thermal quench of many disruptions.
I. INTRODUCTION
Tokamak discharges occasionally end in disruptions, global instabilities which cause a rapid, complete loss of plasma confinement and stored energy. 1 Typically, a tokamak disruption can be described as occurring in two stages: a thermal quench, where the plasma thermal energy is lost, followed by a current quench, where the energy stored in the plasma current is lost. The time scale for the thermal and current quenches are of order 1 ms and 10 ms, respectively, in DIII-D; 2 disruption time scales in larger tokamaks like the Joint European Torus ͑JET͒ are typically slightly longer. 3 During the thermal quench, energy does not deposit uniformly onto the inner surface of the machine, but is believed to conduct preferentially to the divertor plates. 4, 5 In future reactor-size tokamaks, where stored energies ͑thermal and magnetic͒ are expected to be increased 100-fold relative to modern devices, the resulting power fluxes to the divertor will thus be significantly larger than in modern devices. In the proposed International Thermonuclear Experimental Reactor ͑ITER͒, assuming thermal quench time scales of the order of several ms ͑similar to JET͒, the thermal quench power fluxes to the divertor are expected to exceed 10 GW/m 2 , causing significant melting and/or sublimation of the plasma-wetted surfaces. 6 During the current quench, the cold postthermal-quench plasma is believed to radiate its energy fairly uniformly to the vessel walls, so localized heating is not expected to be as much of a concern as during the thermal quench. However, uncontrolled vertical motion drives halo currents and JϫB forces which could deform the vessel structure. 7, 8 Also, superthermal electrons can be created during the current quench, which could result in wall damage when these ''runaway'' electrons strike the vessel wall. 9, 10 Recent experiments have successfully demonstrated that the potentially damaging effects of disruptions can be largely prevented if the tokamak discharge is intentionally terminated by the sudden injection of large amounts of highly radiating impurities ͑usually a noble gas such as neon͒, either through a massive gas puff 11 or with solid pellet injection. 12 However, these disruption mitigation techniques require several milliseconds to affect the plasma after being triggered and are therefore not fast enough to mitigate the entire disruption unless triggered before the onset of the thermal quench. Progress has been made toward identifying disruption precursors which can allow timely mitigation of the entire disruption; 13 however, reliably predicting the onset of the various types of disruptions several milliseconds in advance of the initial thermal quench will require significant further development.
Usually, disruptions are initiated when the plasma reaches an operational limit: a current limit ͑also called low q limit͒, a density limit ͑also called radiative limit͒, or a pressure limit ͑␤ limit͒. Disruptions can also occur as a result of loss of plasma position control ͓vertical displacement events ͑VDE͔͒. Operational limit disruptions are of particular interest, since future large tokamaks will need to operate near the empirical ͑Greenwald͒ density limit to achieve fusion power.
tion to the vessel walls appears to be small. A large fraction ͑roughly 90%͒ of the radiated power is found to come from the main chamber, as opposed to from the divertor plates. Spectroscopy and estimates based on energy conservation indicate that the observed radiation comes dominantly from carbon released from the main chamber walls during the disruption. The very rapid inward propagation rate of the radiation front suggests that the impurities are carried to the core by an anomalously fast mixing process, such as large magnetic fluctuations. Previously, many experiments have shown main chamber radiation to be the dominant energy loss channel during the current quench of disruptions; 3, 6, 12 however, the measurements presented here are the first with sufficient temporal and spatial resolution to demonstrate that main chamber radiation can be the dominant energy loss channel during the thermal quench phase as well.
II. RADIATED POWER MEASUREMENTS
Some characteristic signatures of the high density disruption studied here are shown in Fig. 1 . The onset of disruptions is associated with the destabilization and subsequent nonlinear growth of a large magnetohydrodynamic ͑MHD͒ mode; this can be observed with magnetic pickup loops, Fig.  1͑a͒ . The MHD mode grows to the point where core confinement is lost, resulting in a sudden drop in plasma temperature ͑the thermal quench͒, evidenced by a drop in central ͑near-midplane chord͒ soft x-ray brightness, Fig. 1͑b͒ . The thermal quench is accompanied by a sudden spike in plasma XUV brightness, seen in Fig. 1͑c͒ , and in D ␤ brightness, Fig.  1͑d͒ . Finally, the cold, resistive plasma results in the plasma current decay seen in Fig. 1͑e͒ .
The plasma XUV brightness shown in Fig. 1͑c͒ was obtained using a fast radiometer which provides data at up to 1 MHz along 30 view chords with coverage of a full cross section of the plasma at one toroidal location. The radiometer uses XUV photodiodes with a spectral sensitivity ranging from the visible to soft x rays ͑1 eV to 5 keV͒. In DIII-D, electron temperatures are expected to range from several eV ͑in the far edge region during normal operation and throughout the plasma during the current quench͒ to several keV ͑in the core plasma during normal operation͒, so the XUV brightness measured by the radiometer is believed to provide a good characterization of the total plasma brightness. 16 A schematic of the radiometer view chord geometry is shown in Fig. 2 . To convert the measured brightness into radiated power, an assumption about the spatial distribution of the emitting regions must be made. Here, we divide the plasma into seven toroidally symmetric emitting volumes, as shown in Fig. 2 : four core regions ͑1-4͒ with boundaries set by magnetic flux contours, an edge region outside the separatrix ͑5͒, and two divertor regions below the x-point: an outer leg ͑6͒ and an inner leg region ͑7͒. The region emissivities can then be inverted from the 30 brightness measurements at each time step, approximating the emissivity as constant in each region. The total power radiated from each region is obtained by multiplying the region emissivity by the region volume.
The magnetic flux contours used in these inversions are taken from magnetic equilibrium fitting ͑EFIT͒ reconstructions calculated immediately before the onset of the disruption. 17 Magnetic flux contours are usually assumed to provide a reasonable estimate of the plasma emissivity contours since electron density and temperature equilibrate rapidly along field lines. We do not expect the magnetic flux contours to move dramatically during the thermal quench, since decay and vertical motion of the current channel takes place on the slower current quench time scale; this can be confirmed by comparing predisruption EFIT reconstructions with less accurate but more robust JFIT magnetic reconstructions. 18 On the other hand, some mixing of adjacent flux surfaces and flattening of the current channel is known to take place during the thermal quench, and this flux surface mixing could also include significant poloidal structure. 19 Additionally, poloidal variations in the impurity influx could result in differences between magnetic flux and emissivity contours. Overall, however, it is found that the divertor and core radiated power obtained from these inversions does not depend sensitively on the precise shape chosen for the core emissivity contours. Figure 3 shows divertor ͑the sum of regions 6 and 7͒ and main chamber ͑the sum of regions 1-5͒ radiated power as a function of time obtained from the XUV brightness measurements. Also shown in each case is the total divertor heat load estimated from IR thermography of the divertor floor. 20, 21 For comparison, four different disruptions are shown: ͑a͒ the density limit disruption discussed here ͑with predisruption plasma current I p ϭ1.3 MA, injected power P NBI ϭ6.5 MW, toroidal magnetic field B ϭ2.1 T, central electron temperature T e,0 ϭ2.0 keV, and central electron density n e,0 ϭ9.0 ϫ10 13 cm Ϫ3 ); ͑b͒ a current limit disruption (I p ϭ1.6 MA, P NBI ϭ10.1 MW, B ϭ1.9 T, T e,0 ϭ2.2 keV, n e,0 ϭ3.8 ϫ10 13 cm Ϫ3 ); and ͑c͒ a VDE disruption (I p ϭ1.6 MA, P NBI ϭ7.0 MW, B ϭ2.1 T, T e,0 ϭ2.8 keV, n e,0 ϭ5.5 ϫ10 13 cm Ϫ3 ). Also shown, in Fig. 3͑d͒ , is a repeat of the VDE conditions of Fig. 3͑c͒ , but mitigated with a preemptive injection of high-pressure neon gas. The zero of the time axis t 0 is chosen in each case to correspond to the peak of the total radiated power. It can be seen that divertor radiation is dominant in the current limit and VDE disruption. This is especially reasonable in the case of the VDE, where the entire plasma column was seen to move downward and limit on the divertor plates. In the density limit and mitigated VDE cases, however, it can be seen that main chamber radiation is dominant. This is not surprising in the case of the mitigated disruption, since a large quantity of highly radiating neon gas is injected into the plasma. More surprising is the density limit disruption case, since there has been no intentional injection of radiating impurities. In each case, it can be seen that total divertor heat load from thermography matches the total power radiated from the divertor fairly well; these are expected to agree within a factor of 2 or so for a fully detached, radiating divertor.
Accurate comparison between the total energy radiated during the thermal quench and the initial stored thermal energy is difficult since there is not a precisely defined time at which the thermal quench ends and the current quench begins. In the density limit disruption, the initial thermal energy is W th ϵ 3 2 n e (T e ϩT i )Ϸ0.6 MJ and the initial magnetic
.0 MJ ͑where L p is the plasma inductance͒, so the magnetic energy is not small compared with the thermal energy. From inspection Fig. 1 , a good estimate for the end of the thermal quench appears to be around tϭ1912.1 ms for the density limit disruption, as the plasma current ͑e͒ begins to decay at this point and the main spike in radiated power ͑c͒ ends here. Between the beginning and the end of the disruption radiated power spike ͑t ϭ1911.4 -1912.1 ms͒, 0.8 MJ are observed to radiate away, suggesting that the thermal quench actually ends earlier.
However, by the end of the disruption, 1.9 MJ of power are observed to have been radiated; compared with the 1.6 MJ of total initial energy available, these comparisons suggest that the XUV radiometer overestimates the radiated power slightly during the disruption ͑by perhaps 20%͒. Allowing for a 20% overestimate in radiated power, about 0.6 MJ are actually radiated away by tϭ1912.1 ms, consistent with the thermal quench ending at this time.
III. EVIDENCE FOR NEUTRAL INFLUX FROM CHAMBER WALLS
In the standard description of the thermal quench, the large MHD mode causes, through a variety of potential mechanisms, mixing of the previously nested magnetic flux surfaces in the core plasma. 22 This results in a rapid flattening of the plasma temperature profile and a greatly increased temperature gradient across the separatrix. Rapid heat and particle transport across the separatrix ensues and the resulting hot edge region plasma quickly heats the divertor plasma by parallel heat conduction along open field lines. The divertor sheath and presheath structure then becomes the limiting factor in the total rate of heat conduction from the core plasma to the divertor plates. In practice, the sheath structure is probably complicated by the presence of both cold recycled electrons and hot electrons from the plasma core. 23 Nevertheless, observed divertor heat deposition times ͑of order several 100 s͒ during the thermal quench are roughly consistent with the expected ion sound speed-limited flow.
The large main chamber radiation seen in Fig. 3͑a͒ clearly contrasts with this standard description, since most of the power is radiated from the main chamber. This radiation is most likely the result of an increased neutral flux to the main chamber plasma. The presence of a large neutral influx is verified by CO 2 interferometer view chords, which measure the line-integrated electron density, ͐n e dl. Comparison of the three available view chords allows an estimate of the total electron number N e . This is plotted in Fig. 4 as a function of time for ͑a͒ the density limit disruption and ͑b͒ the current limit disruption. In both cases, it can be seen that there is a three-to fourfold increase in the total electron number in the time leading up to the thermal quench, clearly demonstrating a large influx of neutrals into the plasma.
The large main chamber radiation spike seen in Fig. 3͑a͒ suggests that the neutral influx originates dominantly from the main chamber and not from the divertor floor. Neutral deuterium is expected to enter the edge plasma with roughly the dissociation energy ͑around 2.5 eV͒, although chargeexchange processes could lead to a population of neutrals with even higher energy. However, even 10 eV deuterium atoms will have an ionization mean-free path of only about 10 cm when entering the T e Ϸ100 eV, N e Ϸ10 13 cm Ϫ3 edge plasma, so atoms originating in the divertor should ionize completely before reaching the main chamber.
This line of reasoning is not as compelling for carbon impurities, which can be expected to have a longer ionization mean free path than deuterium, because of the greater number of charge states. However, a significant time delay would be expected before carbon released from the divertor floor would be observed at the top of the main chamber, and this is not seen in the raw data signals. Figure 5͑a͒ shows the measured XUV brightness for a view chord looking down into the divertor ͑Ch 7͒ and a view chord looking at the top edge of the plasma ͑Ch 30͒. It is evident that the emission flash from the top and divertor regions are simultaneous within Ϯ 0.2 ms or so, with the top of the plasma actually peaking in brightness first. Thermal carbon neutrals released from the divertor floor would require a time of about ⌬L/c s,C Ϸ(300 cm)/(5ϫ10 4 cm/s)ϭ6 ms to reach the top of the plasma. Ionized carbon can be expected to have a higher velocity, but the path length becomes longer since the ions must follow magnetic field lines. In Sec. VI, an inward crossfield velocity for the thermal quench radiation front of v Ќ Ϸ10 5 cm/s is estimated from the XUV data. This gives an expected time delay of 3 ms, which is still much larger than the observed 0.2 ms, again indicating that neutrals are being released from the main chamber walls rather than the divertor. Figure 5͑b͒ shows the same view chords as in Fig. 5͑a͒ but taken during the current limit disruption. A simultaneous flash in the upper edge of the plasma can be seen, although on a much smaller scale, suggesting that some main chamber neutral release is occurring here as well. Some main chamber radiated power is observed in every DIII-D disruption diagnosed with the XUV radiometer, suggesting that main chamber neutral influx is occurring, to some degree, in general.
IV. COMPOSITION OF NEUTRAL INFLUX
The composition of the neutrals entering the plasma during the thermal quench is obviously of great importance. The evidence available here suggests that significant quantities of both carbon and deuterium enter the plasma during the disruption. During normal operation, these plasmas are dominantly deuterium D ϩ with a small carbon impurity fraction f c ϵn c /n e Ϸ0.02. This is measured using charge-exchange recombination spectroscopy ͑CER͒ and assuming the carbon is fully stripped to C 6ϩ .
FIG. 4.
Total electron number N e vs time estimated from interferometer measurements during ͑a͒ the density limit disruption and ͑b͒ the current limit disruption. Time ␦tϵtϪt 0 ϭ0 corresponds to the peak in total radiated power, i.e., the peak of the thermal quench.
FIG. 5. Divertor ͑Ch 7͒ and uppermost ͑Ch 30͒ XUV signals as a function of time showing close time correlation between divertor and main
chamber radiation for ͑a͒ the density limit disruption and ͑b͒ the current limit disruption.
Accurately measuring the carbon impurity fraction during disruptions is difficult because of the rapid time scales and large range in signal amplitudes. Nevertheless, main chamber filterscope measurements of D ␤ ͑4681 Å͒ and C III ͑4650 Å͒ line emission are expected to serve as reasonably good indicators of deuterium and carbon concentrations. For the density limit disruption, the C III /D ␤ line ratio was measured to be about 1.1 before the disruption and about 0.7 at the peak of the thermal quench, i.e., little change in the line ratio is observed ͑although the absolute intensity of both was observed to increase a factor of 10͒. Because the ionization energy of D is 14 eV, we expect the D ␤ light to come from the cold edge region with T e Ϸ7 eV or so ͑for colder plasma, the emission is weak; for hotter plasma the neutrals are all ionized͒. Similarly, the ionization energy of C III is 41 eV, so we expect the C III emission to come from edge plasma with T e Ϸ20 eV or so. Assuming n e ϭ10 14 cm Ϫ3 , these temperatures give a predicted ionizations-per-photon ratio of about 140 for D ␤ and about 7 for C III . 24 Thus the observed line ratios give an estimated carbon fraction f c Ϸ1.1ϫ(7/140) ϭ0.06 before the disruption and f c Ϸ0.7ϫ(7/140)ϭ0.04 during the disruption, indicating little change in the carbon concentration. These estimates assume that the plasma remains highly ionizing, i.e., that recombination is not contributing to the C III /D ␤ line ratio. Confirming this requires knowledge of the electron temperature during the thermal quench, which is difficult to measure since the time scales are too fast for the standard Thomson scattering repetition rate and the plasma densities are typically above cutoff for the electron cyclotron emission ͑ECE͒ diagnostic. During the current quench, however, the electron temperature can be estimated to be roughly T e Ϸ6 eV from the L p /R p time of the current decay, assuming classical plasma resistivity. This gives a lower bound on the plasma temperature at the end of the thermal quench and indicates that the plasma is indeed still ionizing, at least for C III and D, during the thermal quench.
The presence of carbon in the impurity influx is supported by energy balance arguments. As discussed above, the XUV radiometer measurements indicate that the initial thermal energy ͑0.6 MJ͒ of the plasma is radiated away completely by the end of the thermal quench. The data of Fig. 4 indicate that, during the thermal quench, the electron number has increased from roughly N e Ϸ2ϫ10 21 to N e Ϸ6ϫ10
21
. Neglecting dissociation energy loss, stripping an electron off deuterium is expected to cost 21 eV, on average ͑7 eV to line radiation plus 14 eV to ionization potential energy͒. A purely deuterium influx would thus be expected to radiate away only about (4ϫ10 21 ) ͑7 eV͒ (1.6 ϫ10 Ϫ19 J/eV)Ϸ4 kJ of energy, much smaller than the required 0.6 MJ. Even in the presence of significant amounts of recycling, it is therefore unlikely that deuterium alone can account for the observed radiation levels.
Conversely, fully stripping a carbon neutral to C 6ϩ costs about 3 keV ͑2 keV to line radiation plus 1 keV to ionization energy͒. 25 Creating ⌬N e Ϸ4ϫ10 21 electrons from carbon neutrals would therefore radiate away an estimated (4 ϫ10 21 )(2 keV)(1.6ϫ10 Ϫ19 J/eV)/6Ϸ0.2 MJ of energy, which is close to the 0.6 MJ required. This simple estimate suggests that observed electron increase must come mostly from carbon. However, we have assumed that the plasma remains at a high electron temperature; in actuality, the temperature profile is rapidly collapsing during the thermal quench and most introduced carbon does fully ionize. This allows carbon to remain in highly radiating states and would permit a relatively small carbon fraction ͑e.g., f c Ϸ0.04) to account for the observed radiation.
The external power input from neutral beams and Ohmic heating is of order several MW and can be neglected in these estimates ͑relative to the GW levels of power being transferred during the thermal quench͒. Also, the electrons stored initially in neutral deuterium gas in the vacuum vessel can be ignored here. Before the disruption, the neutral pressure is measured to be about 15 mTorr in the divertor and essentially zero in the main chamber. Assuming room-temperature deuterium, the ͑probably highly overestimated͒ initial neutral gas electron number is N e Ϸ(15 mTorr)ϫ(3
, about a factor 10 too small to explain the observed influx. Another effect which can probably be ignored here is recombination of carbon ions existing initially in the plasma: assuming an electron density n e ϭ10 14 cm Ϫ3 , recombination from C 6ϩ to C 5ϩ requires very low temperatures (T e Ͻ10 eV or so͒ in order occur on the thermal quench time scale.
V. MECHANISMS FOR THE RELEASE OF NEUTRALS
The mechanism responsible for the observed release of neutrals from the chamber walls is not well-resolved at this point. Some possible explanations include: a transient materials physics effect, radiation-induced release of bound neutrals, or plasma-induced release of bound neutrals. Of these three, the first appears, by default, to be the dominant effect. The second explanation, radiation-induced release, appears unlikely because the wall release appears to begin before the radiation flash occurs. Plasma-induced release appears to be ruled out by the observation that most of the plasma thermal energy is lost by radiation, rather than by conduction to the wall.
The possibility that the observed neutral release results from a transient materials physics effect is supported by Fig.  1 , where the main-chamber wall recycling, characterized by D ␤ light ͑d͒, is seen to begin rising before the main-chamber UV radiation ͑c͒, or the MHD activity ͑a͒. In this shot, the plasma drops out of H-mode about 100 ms before the disruption and enters L-mode. The radiated power is observed to rise steadily until, immediately prior to the disruption, close to 100% radiated power fraction is achieved ͑radiated power of 6.5 MW and injected power from neutral beams and Ohmic heating of 7.0 MW͒. At this point, main chamber recycling, based on midplane D ␣ signals, is roughly 10 times larger than before the onset of the current limit disruption of Fig. 3͑b͒ and about 30 times larger than during typical H-mode operation. During this highly radiating, highly recycling mode of operation, the graphite walls presumably become extremely loaded with deuterium and hydrocarbons and could conceivably become so saturated that they transition from an absorbing boundary to an emitting one. During normal operation, deuterium is believed to form a saturated layer with a thickness ␦ D Ϸ10 nm and saturation fluence of
21 /m 2 . 26 This gives a total deuterium inventory in the saturated layer of N D ϭ⌫ D *A wall Ϸ5ϫ10 22 ͑where A wall Ϸ47 m 2 is the wall area͒ so there is easily enough deuterium stored in the wall during normal operation to account for the observed particle increase.
Suggestions of transiently emitting walls have been seen in other experiments. In ion beam experiments, for example, re-emission of deuterium has been observed to be ͑tran-siently͒ up to four times larger than the retention under certain experimental conditions. 27 In the JET tokamak, disrupting shots were observed to transiently release ten times more wall deuterium than nondisruptive shots. Interestingly, this effect was seen only for carbon wall operations and not for beryllium, suggesting that hydrocarbon release is playing a role. 28 Another possible release mechanism is radiation-induced release, although this would appear to be inconsistent with the available data. Because main-chamber radiation is expected to heat the chamber walls fairly uniformly, it is unlikely that the UV radiation released by the plasma can heat the graphite tiles sufficiently to cause significant thermal desorption of deuterium or sublimation of carbon. However, it is conceivable that direct UV-induced emission of deuterium and hydrocarbons from the first monolayer of the surface is occurring. Assuming the first monolayer of the main chamber inner wall consists entirely of deuterium, the available estimated deuterium inventory is roughly 2ϫ10 21 , or a factor of 2 too small; however, this could easily be larger in practice when taking the porosity of the graphite surface into account. UV-induced emission of wall impurities has been observed experimentally for CO 2 Ϫ4 -10 Ϫ5 molecules released per incident photon, which would be at least two orders of magnitude too small to explain the outgassing observed here, even at the peak of the UV flash.
Particle release due to plasma flux to the wall appears to be ruled out simply because radiation is the dominant energy loss mechanism here. To account for the observed particle increase in the density limit disruption of about 4ϫ10 21 seen in Fig. 4 , we need to outgas the stored deuterium from a wall patch with an area A reduc ϷA wall /12.5Ϸ3.8 m 2 . Localized plasma/wall interactions are not out of the question, since we expect plasma transported to the main walls to strike protrusions such as the bumper limiters, port edges, etc. preferentially. Thermocouple measurements have confirmed that disruption heat loads can cause strongly localized heating on small protrusions in the vessel wall. 31 The localized heating required to outgas the stored deuterium down to the saturated layer thickness ␦ s can be estimated from the diffusion coefficient of deuterium through carbon. This is expected to be DϷD 0 exp(ϪE D /T wall ), with D 0 ϭ0.9 cm 2 /s and E D ϭ2.8 eV. 32 To outgas the entire saturated layer on the thermal quench time scale then requires an estimated wall temperature of T wall ϷϪE D /ln(␦ D 2 /D 0 ⌬t TQ )Ϸ1800 K. However, even if the entire plasma thermal energy W th Ϸ0.6 MJ is released into the wall patch on a time scale of ⌬t TQ Ϸ0.1 ms, we expect a local change in temperature of only ⌬T wall ϷW th /(A reduc ͱc⌬t TQ )Ϸ1032 K, resulting in a final wall patch temperature of 1332 K. These calculations thus suggest that the entire thermal energy of the plasma needs to be deposited on 10% of the wall area to outgas the observed amount of electrons. This is improbable, however, because the thermal energy is already accounted for as radiation. Also, we have ignored the time delay required for surface recombination of the atoms, even though it is known that this can be longer than the diffusion time. 33 Similarly, because of the extremely high temperatures required for carbon sublimation ͑about 2400 K͒ or radiation enhanced sublimation ͓about 1900 K ͑Ref. 34͔͒, these calculations suggest that wall heating due to plasma-wall interactions cannot give a significant carbon influx. However, isolated hot spots might well cause small amounts of local sublimation, and local hot spots of this order have been measured in some disruption experiments. 35 Also, ion sputtering might contribute to the required carbon fraction, but measured sputtering yields for 1 keV deuterium ions on cold carbon are only Y Ϸ2ϫ10 Ϫ2 , 36 so a large plasma-wall flux and conducted heat loss ͑of order two ion-wall collisions per initial plasma ion͒ would be required to maintain a constant carbon fraction during the thermal quench. Other processes which might cause carbon emission from the wall include self-sputtering and arcing. 6 Also, it is possible that loosely redeposited carbon layers could affect the estimates made here. Thin layers of weakly attached carbon in the form of dust or flakes on the tile surfaces would be in poor thermal contact with the bulk material and could therefore reach a higher temperature than estimated here. Evidence for thin carbon surface layers in the divertor of JET was seen in IR thermography studies of edge-localized mode ͑ELM͒ power deposition.
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VI. TIME SCALE OF IMPURITY ION TRANSPORT
Carbon released from the wall during the disruption is ionized and diffuses toward the plasma core, radiating strongly and cooling the surrounding electrons as it goes. This inward propagation of carbon ions and the associated cold front can be seen in Fig. 6 . Here, the time evolution of FIG. 6 . Evolution of midplane ͑zϭ0͒ XUV emissivity profile during the thermal quench of the density limit disruption.
the midplane XUV emissivity profile during the thermal quench of the density limit disruption is plotted. The midplane emissivity profile is obtained from the lineintegrated raw data through the inversion process described in Sec. II. It can be seen that the radiation is dominantly localized to a shell at the plasma edge before the disruption, then travels inwards as the thermal quench progresses. From the length scale ͑Ϸ10 cm͒ and inward propagation velocity (Ϸ10 5 cm/s) of the radiation edge, an impurity diffusion coefficient of order D Ќ Ϸ100 m 2 /s can be estimated. This is roughly l00 times larger than the impurity transport rate measured during normal ͑H-mode͒ operation, D Ќ ϷD B Ϸ1 m 2 /s, 38 but is roughly the same magnitude as the impurity transport observed previously during disruptions triggered by impurity pellet injection. In these pellet injection experiments, the observed impurity transport rate was attributed to small-scale magnetic fluctuations. 39 Another possible explanation could be transport due to more global magnetic activity, such as, for example, reconnection events driven by internal kink modes.
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VII. CONCLUSIONS
Measurements of radiated power taken during the thermal quench of a density limit disruption in DIII-D demonstrate that the dominant energy loss channel is main chamber radiation. Main chamber radiation has been shown to be important during the current quench of disruptions in previous experiments; however, the measurements presented here have sufficient time resolution to resolve the thermal and current quenches separately. Spectroscopy and power balance estimates suggest that the observed main chamber radiation results from a release of both deuterium and carbon from the chamber walls, with energy loss due to carbon radiation being the most important. This release of neutral particles essentially ''self-mitigates'' the disruption, leading to a divertor power load which is about ten times smaller than the main chamber power load. Comparison with other disruptions in DIII-D indicates that main chamber neutral emission occurs to some extent in other types of disruptions as well. These results could have positive implications for the severity of divertor heat loading during disruptions in future high density tokamaks. On the other hand, large main chamber heat loads could have negative implications if the main chamber wall material is not designed to withstand these thermal loads. However, a simple estimate assuming typical expected ITER parameters (W th Ϸ400 MJ, ⌬t TQ Ϸ2 ms, and a beryllium wall with A wall Ϸ700 m 2 ) gives a post-thermal quench ͑uniformly irradiated͒ main wall temperature of about 800 K, which is well below the beryllium melting temperature of 1500 K.
